We present the results of a search for new physics in the jets plus missing transverse energy data sample collected from 368 pb ÿ1 of p p collisions at s p 1:96 TeV recorded by the Collider Detector at Fermilab. We compare the number of events observed in the data with a data-based estimate of the standard model backgrounds contributing to this signature. We observe no significant excess of events, and we interpret this null result in terms of lower limits on the fundamental Planck scale for a large extra dimensions scenario. DOI: 10.1103/PhysRevLett.97.171802 PACS numbers: 13.85.Rm, 04.50.+h, 11.25.Wx, 14.80.ÿj One of the simplest new physics signatures that can be explored at a hadron collider consists of a very energetic jet and large missing transverse energy (6 E T ) . The Tevatron offers a unique opportunity to explore energy regimes that could yield new physics that have not been accessible at previous colliders. We take advantage of this opportunity by performing a signature-based, high energy monojet search. While a wide range of exotic physics both known
and not yet imagined could yield such a signature, the most exciting recent scenario involves large extra dimensions (LED) [1] . LED are an essential ingredient of proposed solutions to the most fundamental problems of physics including the hierarchy problem [2] and the observed value of the dark energy [3] .
In LED scenarios, gravitons or their superpartners [3, 4] are responsible for the observed 6 E T . In the simplest 2 ! 2
week ending 27 OCTOBER 2006 171802-3 tree-level processes possible at a hadron collider experiment, any of the gravitational states (we denote all possible states with spins from 0 to 2 by G) can be directly produced in processes such as! gG, qg ! qG, and gg ! gG, leaving the final state quark (q) or gluon (g) to produce a single jet [1] .
Graviton emission is within reach of the Tevatron provided that the (4 n)-dimensional Planck scale (M D ) is around 1 TeV [1, 2] . This can be the case if the radii R of the n compactified extra dimensions are sufficiently large. Assuming n extra dimensions of the same size, the relationship between the four-dimensional effective Planck scale M Pl 10 19 GeV and the fundamental Planck scale M D is given by the generalized Gauss theorem [2] :
In the absence of a significant excess of events relative to the background expectations, lower limits can be set on M D , a fundamental parameter common to all LED models. Monojet searches performed in run I [5] at the Tevatron were consistent with standard model (SM) expectations. In this Letter we present a new search using 368 pb ÿ1 of data, recorded by the Collider Detector at Fermilab (CDF) in run II of the Tevatron. The sensitivity of this analysis to new physics in general and to LED scenarios, in particular, is significantly improved by the increase in center-of-mass energy for run II p p collisions (1.80 to 1.96 TeV), an improved CDF detector, and a factor of 4 increase in the integrated luminosity over the data sample used in run I.
A complete description of the CDF II detector is given in Refs. [6] . The important components used in the reconstruction of the events for this analysis include a tracking system consisting of a silicon-strip vertex detector surrounded by an open-cell drift chamber. The tracking system is situated within a 1.4 T solenoidal magnetic field to measure charged particle momenta transverse to the beamline (p T ). Outside the magnet, scintillator-based electromagnetic and hadronic calorimeter modules are arranged in projective tower geometries to reconstruct the energy and direction of the particle jets. The outermost detection system consists of planes of multilayered drift chambers for detecting muons.
We select events in the trigger system based on the presence of a jet with transverse energy E T > 100 GeV and further require offline that the highest E T jet in the event (the leading jet) has E T > 150 GeV. With an offline threshold of 150 GeV, the jet trigger is >99% efficient for the events in our sample. Jets are reconstructed using a fixed cone algorithm with cone size R 2 2 p 0:7 [7] over the full pseudorapidity coverage of the calorimeters (jj < 3:6). The jet E T is corrected to account for the effects of fragmentation, calorimeter nonuniformities, and energy from the rest of the event [8] . To increase the acceptance for events containing a second jet originating from quark or gluon radiation, we accept events that contain a second jet with E T < 60 GeV. However, we reject events that contain three or more reconstructed jets with E T > 20 GeV because these events have a much lower signal-to-background ratio than one-jet and two-jet events. Since the 6 E T [9] for most backgrounds is typically much lower than that of the signal, we require 6 E T > 120 GeV. This value is set lower than the jet E T threshold of 150 GeV to keep the signal efficiency high given the 6 E T resolution. To further reduce backgrounds from multijet events in which one or more jets are badly mismeasured, we require that the azimuth of the observed 6 E T is separated by more than 0.3 radians from the of any second jet. To eliminate noncollision background events originating from beam halo, cosmic rays, and detector noise, we require that the leading jet is central (jj < 1:0) and contained within the instrumented parts of the calorimeter. Since a jet with jj < 1:0 is within the fiducial tracking volume, we can search for tracks pointing towards the region of the calorimeter in which the jet is found. For all jets within the fiducial tracking volume, we require at least two associated tracks whose p T add up to at least 10% of the jet E T . We also require an event vertex reconstructed from six or more tracks that is within 60 cm of the detector center in z (the coordinate parallel to the colliding beams). For the leading, central jet we require that the associated tracks used in the p T sum described above are consistent with having originated from this event vertex. To eliminate background from muons produced upstream of the detector that interact and look like jets in the hadronic calorimeter, we require that for each event the total electromagnetic energy of all jets with E T > 20 GeV is at least 10% of the total E T .
The resulting candidate sample contains a significant number of events originating from SM processes which can produce large 6 E T in the detector. The 6 E T associated with these processes can originate from either neutrinos in the final state (real 6 E T ) or other particles that pass into uninstrumented regions of the detector (fake 6 E T ). The largest SM background is Z jets where the Z boson subsequently decays into neutrinos (Z ! ). This background has the same event topology as our signal and is thus irreducible. The next most significant SM background comes from W! l jets production (l e, , or ) where the lepton is unidentified. The contribution of this background is suppressed by rejecting events that contain an isolated track with p T > 10 GeV (a potential muon) or a jet with E T > 20 GeV for which the electromagnetic energy fraction is above 90% (a potential electron). Track isolation is defined using the measured energy in the calorimeter within a R < 0:4 cone around the reconstructed track, after subtracting the measured energy in those calorimeter towers intersected by the track. Tracks are defined to be isolated if this energy is less than 10% of the measured track p T . We refer to the W=Z jets backgrounds collectively as electroweak backgrounds.
The number of electroweak background events in the candidate sample is estimated by measuring cross sections for Z! ll jets and W! l jets (l e or ) production from independent data samples collected using high E T single electron and high p T single muon triggers. We select events that contain a muon with p T > 20 GeV or an electron with E T > 25 GeV using standard lepton selection criteria [10] to construct a low-background sample of lepton candidates. Starting from this sample, we select W ! l candidates by requiring 6 E T > 25 GeV (6 E T > 20 GeV for muon events) and Z ! ll candidates by requiring a second lepton that satisfies a looser set of selection criteria [10] . The cosmic ray background in both candidate samples is reduced by rejecting events in which tracks passing through opposite hemispheres of the detector can be reconstructed along a common trajectory.
Using the measured Z! ll jets cross sections and the difference in Z branching fractions for charged leptons and neutrinos, we estimate the expected number of Z! jets events in our candidate sample. A second, independent estimate of this background is obtained from the measured W! l jets cross sections. In this case we first divide the measured cross section by a theoretical prediction for R W=Z , the ratio of the W jets and Z jets production cross sections and then correct the extrapolated Z! ll jets cross section for the Z branching fraction to neutrinos. A slightly more precise prediction for the expected background is obtained by combining the estimates. This combination reduces the statistical uncertainty from 11% to 10%.
As a consistency check of the event selection, we measure inclusive cross sections for W=Z production and find them to be consistent with published run II measurements [10] . In addition, we measure W=Z jet production cross sections where the jet criteria are identical to those used in the final selection of our jet plus 6 E T sample, except that we vary the leading jet E T cut, using thresholds of 60, 90, 120, and 150 GeV. The larger statistics in the samples obtained using lower jet E T thresholds allow statistically significant comparisons between independent measurements in the electron and muon channels. The observed agreement provides further validation of the cross section measurements made for the 150 GeV leading jet threshold that are used to estimate the electroweak backgrounds in our final candidate sample.
The acceptance values used in the W=Z jets cross section measurements are obtained from simulated PYTHIA [11] event samples using a full detector simulation based on GEANT3 [12] and corrected to account for measured differences in lepton selection criteria observed in data and simulation. The measured cross sections are shown in Fig. 1 . We combine cross section measurements from the electron and muon samples using the default cut of 150 GeV on the E T of the leading jet and obtain W! l jets 0:46 0:05 pb and Z! ll jets 0:08 0:02 pb.
A next-to-leading-order calculation based on the MCFM generator [13] was used to determine the value of R W=Z . At P min T 150 GeV, the calculated value of R W=Z is 8:15 0:40. Based on the combined Z! ll jets and W! l jets cross section measurements, we estimate 177 44 and 125 15 background events from Z! jets in our jet plus 6 E T candidate sample. The two independent results are combined to obtain a final estimate of 130 14 events. Estimates for the contributions of the other electroweak backgrounds to the candidate sample are also obtained from the measured W=Z jets cross sections. We extract, for example, the number of W! l jets background events from the measured W! l jets cross section based on the percentage of simulated W! l jets events which pass our selection criteria. Since the same measured cross sections are used to estimate the contributions of each electroweak background shown in Table I , the uncertainties on these background predictions are fully correlated.
As described previously, events originating from quantum chromodynamics (QCD) multijet production processes can enter our sample when the mismeasurement of one or more jets creates large 6 E T in the detector. The dominant topology is two-jet events where the second jet is not found by the jet-finding algorithm. To estimate the background contribution of such events, we study dijet events in data for which the observed 6 E T points in the direction of the less energetic jet. We perform a linear extrapolation of the E T distribution for this less energetic jet into the region where the E T drops below our threshold (20 GeV) for defining jets. Monte Carlo studies indicate that an additional relative contribution of approximately 15% from three-jet events should be added to the number extracted from this method, resulting in an estimate of 15 10 background events from QCD multijet production in our final candidate sample. Using timing information from the hadronic calorimeter we estimate the noncollision background, from sources such as cosmic rays, to be 4 4 events.
A summary of the estimated background contributions is shown in Table I . We predict a total background of 265 30 events, observe 263 events in the data, and therefore conclude that no excess is present in the data. Figure 2 shows a comparison of the 6 E T distribution for the 263 events in our candidate sample with the expected distribution from the SM backgrounds and from a LED signal with n 2 and M D 1 TeV. The shape of the distribution for signal events does not look significantly different than that shown here for the SM processes.
We set lower limits on the (4 n)-dimensional Planck scale using these results. We use PYTHIA in conjuction with the full detector simulation to generate samples of simulated graviton production, based on leading-order production cross sections calculated in Ref. [1] . We simulate the signal processes for numbers of extra dimensions between 2 and 6 and for a set of different M D values. The cumulative signal acceptance for our selection criteria ranges from 9:9 1:3% to 12:6 1:7% as a function of n. The acceptances are found to have no significant dependence on M D . Contributions to the uncertainty on the acceptance include the choice of parton distribution functions (6% relative uncertainty), possible differences in the jet energy scale [8] between data and simulation (8%), the models for initial and final state radiation in the Monte Carlo simulation (5%), and the uncertainty on the integrated luminosity of the sample (6%). We scale the generated cross sections by a K factor (the ratio of cross sections as calculated at next-to-leading order and leading order) of 1.3 [14] .
We obtain the upper limit on the number of signal events in our candidate sample using a Bayesian approach with a flat prior for the number of signal events and gamma distributions for the priors for both the acceptance and the number of background events [15] . Based on 263 observed events, a SM expectation of 265 30 events, and a combined uncertainty of 13% on the signal acceptance, we obtain an upper limit of 67 signal events at 95% confidence level (C.L.), corresponding to a cross section times acceptance of 67=368 pb ÿ1 0:18 pb. We set limits on the value of M D for different values of n based on the maximum possible number of observed signal events. The lower limits on M D for n 2-6 are shown in Table II This measurement places the most stringent limits from the Tevatron and in the case of n 5 and n 6, the world's best limits on M D . The best limits for smaller values of n come from the LEP combined results [16] in the ee ! G channel. For the case of two extra dimensions, our upper limit of 0.35 mm on the size of the extra dimensions can be compared to the limit of 0.13 mm from a direct probe of gravity at short distances [17] .
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